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Abstract
For the end use, the structure and morphology of the coated film are very important 
since they determine the final properties of the resultant material. The effect of coat-
ings largely depends on their composition and method of application, which may give 
porous or dense coatings. To achieve uniform coatings on dispersed TiO
2
 particles, vari-
ous compounds were deposited one after another under specific conditions by the wet 
chemical deposition method starting from rutile TiO
2
, produced by the sulfate method 
in Cinkarna Celje. With the synthesis of composite particles consisting of a core TiO
2
 
particle coated with a functional shell with dimensions in the nano scale, we prepared 
advanced materials, where the shell protects the particles from undesirable interactions 
with the environment and improves surface reactive properties of the dispersed particles 
to meet special requirements. The morphology of surface-treated TiO
2
 particles has been 
identified directly using electron microscopy, while the degree of functionalization by 
various hydroxides was determined using X-ray fluorescence spectrometer (XRF). In 
addition, zeta potential (ZP) measurements have been utilized to determine the electro-
chemical properties of resultant particles. The precipitation of hydroxides on the TiO
2
 
surface resulted in the shift of the isoelectric point (IEP). UV-Vis spectroscopy has been 
used for determining light scattering efficiency. In addition to internal characterization, 
light fastness of durable grade intended for the application in laminates has been tested 
by the end user.
Keywords: TiO
2
, pigment, surface treatment
1. Introduction
Titanium dioxide (TiO
2
) is used in a variety of applications, all of which have different sets 
of performance requirements. As a result, the pigments designed for the various applications 
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are different. Variations in crystal structure (anatase/rutile), inorganic coating and organic 
treatments provide a wide range of titanium dioxide grades, each with different properties.
Generally, the properties of a pigment are determined by the particle size distribution of the 
base pigment, the chemical composition and the morphology of the surface treatment. The mor-
phology of the treatment layers can, in turn, have an effect on the final properties of the pigment.
TiO
2
 pigments are generally coated to improve their performance in many end-use applica-
tions. Thus, the pH, temperature, reagents, order of addition and other factors can affect prod-
uct characteristics. Optimum treatment conditions need to be determined after the surface 
treatment chemicals have been selected [1].
There are differences between grades, partially based on the fact that TiO
2
 particle surfaces 
may be modified differently with inorganic and organic post treatments. With regard to colloi-
dal chemistry, a TiO
2
 with an Al
2
O
3
 surface treatment behaves completely different from one 
having a SiO
2
 surface treatment [2]. Both of these, again, are different from a pure, untreated 
TiO
2
, which has its IEP at pH values between 4.5 and 6.5.
Surface treatment of TiO
2
 particles by colorless inorganic compounds of low solubility affects 
dispersibility of the pigments in the matrix and weather resistance and lightfastness of the 
pigmented organic matrix [3].
These treatments are most commonly precipitated in layers. However, some of the compo-
nents can be co-precipitated to alter the pigment characteristics [1]. There are many works 
regarding this subject in literature [4–14].
Inorganic surface treatment influences optical performance of the pigment approximately in 
proportion to the decrease in the TiO
2
 content. Surface coatings prevent direct contact between 
the binder matrix and the reactive surface of the TiO
2
. The treatment process also affects dis-
persibility of the pigment, and therefore a compromise often has to be made. High weather 
resistance and good dispersibility of the pigment in the binder or matrix are usually desired. 
These effects are controlled by using different coating densities and porosities. In addition, 
organic substances can be added during the final milling of the dried pigment [3].
Several types of treatment are known:
• Deposition from the gas phase by hydrolysis or decomposition of volatile substances.
• Addition of oxides, hydroxides or substances that can be absorbed onto the surface during 
pigment grinding, which results in partial coating of the pigment surface.
• Precipitation of the coating from aqueous solution onto the suspended TiO
2
 particles by 
batch processes in stirred tanks starting from various compounds, which are deposited 
one after another under specific conditions. The most common are oxides, oxide hydrates, 
silicates and/or phosphates of titanium, zirconium, silicon and aluminum.
Typical groups of inorganic coatings are as follows:
1. Pigments with dense surface coatings for paints or plastic made by
• Homogeneous precipitation of SiO
2
 with precise control of temperature, pH and 
precipitation rate.
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• After-treatment with Zr, Ti, Al and Si compounds.
• After-treatment with merely 1–3% of alumina [15–18].
2. Pigments with porous coating for use in emulsion paints obtained by simple treat-
ment with Ti, Al and Si compounds, giving a silica content of 10% and a TiO
2
 content of 
80–85%.
3. Lightfast pigments with dense surface coatings for the paper laminate industry that have a 
highly stabilized lattice and a surface coating based on silicates or phosphates of titanium, 
zirconium and aluminum: cca. 90% TiO
2
.
For coloring of plastics, usually smaller TiO
2
 particles are used with typically less than 3% of 
inorganic coating (TiO
2
 typically >95%).
Before micronizing the pigment in a jet-mill and sometimes also before drying, the pigment 
surface is further modified by adding organic substances to improve dispersibility and facili-
tate further processing. The nature of the compounds used depends on the intended use of 
the pigment [3].
1.1. About TiO
2
1.1.1. Pigment properties
Scattering power, hiding power (tinting strength), brightness, mass tone (or color), gloss for-
mation, gloss haze, dispersibility, lightfastness and weather resistance are the most important 
pigment properties of TiO
2
 pigments; these properties are a function of chemical purity, lattice 
stabilization, primary particle size, particle size distribution and the coating.
TiO
2
’s theoretical optimum particle size is between 0.2 and 0.3 μm, but the pigment obtained 
is considerably larger mainly because of the formation of agglomerates while handling during 
the manufacturing process. The presence of agglomerates affects hiding power, tinting strength 
and other end-use properties of the coating. The graph in Figure 1 illustrates the effect of TiO
2
’s 
dispersion states vs. particle size distribution on pigment properties. A well-dispersed system 
helps to develop coatings with improved optical properties, hiding power, tinting strength and 
gloss.
1.1.2. Uses of TiO
2
Titanium dioxide pigment (TiO
2
) is an important material used in many applications due to 
its opacity, high chemical stability, excellent whiteness and brightness. It is required in appli-
cations such as the following:
• paints and coatings
• printing inks
• plastics
• paper
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1.1.3. Stability towards light and weather
When subjected to intense radiation or weathering, systems with incorporated TiO
2
 show color 
or structural changes. Yellowing, chalking and loss of gloss occur due to photocatalytic activity 
of TiO
2
. Formation of extremely reactive radicals (˙OH, HO2˙), that cause deterioration of the coating matrix can be suppressed by doping or coating the surface of the pigment [3, 19–21].
1.2. About surface treatment
1.2.1. Silica
Rutile TiO
2
 particles must be coated with protective layers of SiO
2
 and Al
2
O
3
 through wet 
chemistry processes in order to decrease their photoactivity, increase weather durability and 
increase dispersibility in certain media [4, 22–24]. The morphology of the SiO
2
 coating layers 
on the surface of TiO
2
 powders can be controlled by adjusting the reaction temperature, pH 
value of the reaction solution and the SiO
2
 loading [4].
Depending on the silica precipitation conditions, very disparate pigment characteristics could 
be produced. “Fluffy” coating, which provides better spacing and optical efficiency, increases 
oil absorption and decreases gloss forms at acidic or neutral pH [1]. An example of a “fluffy” 
coating composed of submicroscopic particles joined together in a gel-like structure is pre-
sented in Figure 2.
During slow deposition at basic pH, silica can also be formed as a dense, glassy shell that 
encapsulates the particle and provides the highest durability available. Durability of the silica 
layer and the amount of energy needed to develop gloss are proportional to the amount of 
silica in the layer [1]. A dense, glass-like coating is shown in Figure 3. Coating is a few nm 
thick, encapsulating the entire surface of the pigment.
Island-like SiO
2
 coating layers can be formed on a TiO
2
 surface when the reaction tempera-
ture, the pH value and the mole ratio of Na
2
SiO
3
 to TiO
2
 are low. Continuous and uniform 
SiO
2
 coating layers form in an alkaline pH ranging from 9 to 10. The thickness of the coating 
Figure 1. TiO
2
 dispersion states as a function of particle size distribution.
Titanium Dioxide - Material for a Sustainable Environment424
layer increases with the increase of the mole ratio of Na
2
SiO
3
 to TiO
2
. The SiO
2
 coating layers 
are anchored onto the TiO
2
 surface by the Ti─O─Si bonding. Dispersibility of the SiO
2
-coated 
TiO
2
 powders is affected by the morphology of the SiO
2
 coating [4].
1.2.2. Coating process of the SiO
2
 layer
Isoelectric point (IEP) of rutile TiO
2
 is usually located around pH 3.5 [24, 25]. The rutile TiO
2
 
surface is negatively charged under conditions where the pH value of the reaction solution is 
greater or equal to 7. Under conditions where pH values of the reaction solutions are in the 
range 7–8, Na
2
SiO
3
 rapidly hydrolyzes to form a large number of siliceous micelles. The resul-
tant siliceous micelles anchor on the surface of TiO
2
 powders via Ti–O–Si bonding to obtain 
island-like coating layers.
The hydrolysis rate of Na
2
SiO
3
 should be lowered by increasing the pH value to 9–10. This 
results in the formation of small-sized or less aggregated siliceous micelles. Small-sized 
micelles anchor on the surface of TiO
2
 powders initially via Ti─O─Si bonding. Later, the 
micelles present in the solution and the anchored micelles condense via Si─O─Si bonding 
resulting in the formation of continuous and uniform coating layers. Over pH 10.5, silicon 
Figure 2. Silica surface treatment as a fluffy layer.
Figure 3. Silica surface treatment as a dense, glass-like layer.
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species exist as single silicate anions, or less aggregated siliceous micelles with very small par-
ticle size, which should be more negatively charged. The single silicate anions and the highly 
negatively charged siliceous micelles do not react with the negatively charged TiO
2
 surface 
due to the strong electrostatic repulsion. Therefore, no SiO
2
 coating layers forms on the TiO
2
 
surface at this high pH value.
Raising the temperature of the reaction affects the covering extent and causes the formation of 
a dense SiO
2
 coating layer on the surface of the rutile TiO
2
 powder.
1.2.3. Alumina
Hydrous aluminum oxide is probably the most common treatment agent of TiO
2
 pigments. 
Various reagents can be used for deposition, e.g., sodium aluminate, which reacts with acid 
(see Figure 4), or aluminum sulfate, which reacts with base (see Figure 5).
Alumina can also be deposited from a combination of sodium aluminate and aluminum sul-
fate, which neutralize each other (Figure 6).
Irrespective of the reagent used, under controlled conditions of surface treatment, a thin, even 
layer, which entirely encapsulate the surface of TiO
2
 is formed.
1.2.4. Coating process of the Al
2
O
3
 layer
By coating the surface of TiO
2
 uniformly with alumina, coated particles behave in some ways 
similar to pure alumina. Alumina coating increase the amount of ─OH groups on particle 
surface and consequently improve dispersibility of particles in aqueous solution and provide 
more active sites for further organic modification [24].
The level of alumina depends on the gloss, tint strength and opacity needed in the pigment. 
Low alumina levels yield better gloss but lower tint strength compared with higher levels [10].
The morphology of the alumina layer depends on the deposition conditions. Aluminum oxide 
and hydrous alumina have many different structures, which can give many different proper-
ties to coated particles. Formation of aluminum layers as a function of the suspension’s pH is 
Figure 4. Sodium aluminate as a source of aluminum hydroxide.
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presented in Figure 7. From literature, we know that the structure of the alumina layer on TiO
2
 
pigment varies with the pH, i.e., the alumina tends to deposit as a pseudoboehmite in basic 
solutions. Alumina deposits in an amorphous form in the acid solutions. The transition pH is 
temperature-sensitive and tends to shift to lower pH at higher temperature [1].
Parameters such as temperature, pH, coating reagent concentration, core particle concentra-
tion and particle surface characteristics significantly affect precipitation coating process [26]. 
Hydrolysis polymerization, a precipitation process of the coating reagent as well as the coat-
ing morphology is influenced by pH and temperature. At high pH values, hydrolysis of Al3+ 
is accelerated and more multinuclear OH─Al species are formed compared to the situation 
at low pH [27]. The number of Al3+ ions depends on pH and Al3+ concentration, while the 
structure of the OH─Al species depends on the process conditions, e.g., concentration of Al3+, 
temperature and stirring strength [28]. pH also affects the protonation and deprotonation 
reactions on the core particle surface [29].
Condensation between OH─Al species and –OH groups on the TiO
2
 particle surface occurs 
when the OH─Al species collide with TiO
2
 particles through random collisions. Formation of 
Figure 5. Aluminum sulfate as a source of aluminum hydroxide.
Figure 6. Sodium aluminate and aluminum sulfate as a source of aluminum hydroxide.
TiO2 Applications as a Function of Controlled Surface Treatment
http://dx.doi.org/10.5772/intechopen.72945
427
Ti─OvAl bond formed via condensation of ─OH groups from TiO
2
 surface and OH─Al spe-
cies is presented in Figure 8.
When the pH is higher than the isoelectric point, the TiO
2
 particles carry negative charge [11]. 
The number of ─OH groups on the particle surface that could provide protons is large; the 
surface is easy to provide protons, which facilitated the condensation between the OH─Al spe-
cies and the ─OH groups on the particle surface. In such a case, heterogeneous precipitation is 
Figure 8. At pH higher than the IEP, the number of ─OH groups on the particle surface that could provide protons is 
large and the condensation with the OH─Al species easily occurs [13].
Figure 7. Formation of aluminum layers as a function of the suspension’s pH.
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preferred. Since a large amount of ─OH groups on the particle surface could provide protons 
at higher pH, there were many OH─Al species that condense with the ─OH groups on the 
particle surface; neighboring condensed OH─Al species easy condense each other, forming a 
continuous film coating, as shown in Figure 9.
When the pH is lower than the IEP, the number of ─OH groups on the particle surface that 
could provide protons is small and condensation with the OH-Al species hardly occurs; here, 
homogeneous nucleation or the dotted layer is preferred (Figure 10).
At high pH, the OH─Al species are large, having a certain shape, and their sedimentation 
leads to a loose floccule or flake-like layer (Figure 11).
The layer morphology mainly depends on the sedimentation speed and the directed growth 
speed of the OH─Al species [30]. When the temperature is in the middle range, the sedimenta-
tion speed and the directed growth speed of the OH─Al species are about the same. At increased 
temperature, the directed growth speed of the OH─Al species dominates the precipitation 
Figure 9. TEM image of a continuous film aluminum hydroxide coating.
Figure 10. Image of TiO
2
 particles with dotted alumina layer.
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Figure 11. TEM image provides an excellent view of the shell covering of a crystalline core of TiO
2
 with a loose floccule 
or flake-like layer.
process regardless of the pH and size of the OH─Al species, which results in a directed growth 
[10]. Layer morphology changes from uniform and continuous film to loose floccules.
Temperature has a significant effect on the direction and growth speed of the OH─Al species in 
gel precipitation or coating, while also affecting the self-assembly of the OH─Al species in the 
aging process. Under high pH conditions, the OH─Al species form a large particle size, which 
facilitates the formation of boehmite Al(OH)
3
 gels or a floccule/flake coating. Amorphous 
Al(OH)
3
 gel forms only under conditions when the precipitation and aging proceed at a low 
temperature and pH; it can be converted to boehmite under high pH or temperature conditions.
However, boehmite gel cannot be converted to the amorphous form when the pH and tem-
perature are low in the aging process [10].
2. TiO
2
 grades
2.1. Highly coated TiO
2
 grades
There is a special route for improving TiO
2
 light scattering efficiency that is closely related 
to targeted spacing—the encapsulation of the TiO
2
 particles by a thick, porous material. This 
coating material, which in practice is aluminosilicates, needs to be thick enough to effec-
tively prevent close contact of the TiO
2
 portion of these pigments and highly porous because 
a solid coating would unnecessarily dilute the TiO
2
 content of the pigment. Even with high 
porosity, these coatings dilute the weight percent of TiO
2
 in the pigment to roughly 80%.
It is important to manage the process under controlled conditions. Figures 12 and 13 indicate 
differences between two highly coated TiO
2
, produced under controlled and uncontrolled con-
ditions. Surface of TiO
2
, coated under appropriate conditions is uniform with coatings covering 
the entire surface of the particles (Figure 13). Increased SiO
2
 loading up to 10 wt.% resulted 
in thicker layers. Coating TiO
2
 particles under neutral conditions yields fluffy coatings with 
coating thickness up to 50 nm. Pigment particles are separated from each other, showing no 
agglomeration.
On the contrary, uncontrolled coating process yielded incomplete coatings (Figure 12). Homo-
geneous coating was not attained and some particles were not coated with the silica layer.
Titanium Dioxide - Material for a Sustainable Environment430
2.1.1. Particle size distribution
The particle size relevant for inorganic pigments stretch between several tens of nanometers 
for transparent pigment types to approximately 2 μm. For practical applications, it is desir-
able to determine not only the mean particle size but also the whole distribution [3].
The distribution of highly surface-treated TiO
2
 in a controlled process indicates narrow par-
ticle size distribution, while an uncontrolled process yields material with broad particle size 
Figure 12. Highly surface treated TiO
2
 (uncontrolled conditions).
Figure 13. Highly surface treated TiO
2
 (controlled conditions).
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distribution. Different populations are evident, meaning that the sample consists of many 
small and many over-sized particles (Figure 14).
Surface modification treatment in the suspension brings a significant shift in the pattern 
toward the higher particle diameter region due to high hydroxide loadings of silica and alu-
mina imparted on the TiO
2
 surface. The higher degree of surface modification and greater ten-
dency for particle agglomeration can be attributed for the higher average particle diameter.
If we take into account only the mean particle sizes, we can conclude that we have two very 
similar samples. But, if we look at the whole distribution, it is obvious that the samples consist 
of very different populations. With this, we confirmed the fact that it is significant to deter-
mine not only the mean particle size but also the whole distribution.
After the grinding operation, particle size distribution again shifted to the lower particle 
diameter region. The sample produced by an uncontrolled process again contain over-sized 
particles (Figure 15).
2.1.2. Optical density
The problem with particle size distribution measurements is that the data cannot be directly 
related to the scattering power without using a theoretical model. An optical density test has 
been developed to provide a direct measure of the actual pigment scattering potential, which 
can then be used to evaluate performance in end-use applications [31–33].
A lab-dispersed sample in water is accurately diluted and analyzed for its total light transmis-
sion T. We have used the ‘DuPont optical density’, which is defined as –log(total T)/concentra-
tion and defines the scattering potential of the pigment. Compared to standard end-use tests of 
scattering power such as tint strength, optical density (OD) measurement offers the advantage 
of faster turn-around and improved precision with standard deviations less than 0.5% of the 
mean value.
The optical density was determined by UV-Vis spectrophotometer. To determine the optical 
density, 1 L of the diluted suspension of pigment particles TiO
2
 in ethanol (c TiO
2
 = 30 mg/L) 
was prepared. During the analysis, the suspension was subjected to ultrasound stirring. The 
Figure 14. Particle size distribution of highly coated TiO
2
 in slurry after controlled (narrow curve) and uncontrolled 
(wider curve) surface treatment.
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optical density method determines the optical properties of the particles. This method deter-
mines the dispersibility or degree of particles agglomeration.
The results of the optical density determination indicated the differences between particles 
coated under different process conditions, controlled and uncontrolled (Figure 16). The light 
scattering highly depends on the particle size and the distribution of the size and degree of 
agglomeration of the material. Agglomeration always reduces the effectiveness of pigment 
light scattering. With the results obtained, we gained information about the light scattering 
efficiency, which is most likely a consequence of the particle size distribution and the degree 
of dispersion. Differences in dispersion between differently coated particles are the result 
of a different particle size distribution, the degree of milling step and the controlled coating 
mode, where the particle surface was completely coated with a layer of hydroxide. Surface 
treatment is important in determination of the physical properties of the particle surface and 
thus, affects the dispersion in a particular medium. The quality of surface treatment defines 
how the pigment will perform when incorporated into a particular medium. Light scattering 
efficiency (LSE) will depend on how well the pigment will be dispersed. Differently agglom-
erated particles should exhibit different OD value.
Results of the OD method indicate that coating the surface in a controlled manner resulted 
in particles with higher LSE (gray curve) in comparison with the particles coated under 
Figure 15. Particle size distribution of micronized highly coated TiO
2
 after controlled (narrow curve) and uncontrolled 
(wider curve) surface treatment.
Figure 16. Light scattering efficiency of TiO
2
 particles coated under controlled and uncontrolled process conditions.
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Figure 17. Dense silica-alumina coating.
 uncontrolled conditions (black curve). Consequently, differences in undertone for both sam-
ples were evident.
Smaller particles (≤0.2 μm) scatter the light of the short wavelength more strongly; therefore, 
they have a slightly blue undertone, while the larger particles scatter the light of a longer 
wavelength, i.e., they have a yellow undertone.
2.2. Weather resistant grades
Due to the light absorption in the near UV, electrons are hoisted from the energy level of the 
valence band of TiO
2
 into that of the conductive band, thus leaving a positively charged hole 
in the valence band. The separated electron-hole pair is called an ‘exciton’. The generation of 
excitons is the cause for the light induced semiconductor properties of TiO
2
. The photoactivity 
of TiO
2
 is generally not preferred, since the excitons can have an oxidizing influence on its sur-
roundings and, for example, destroy a polymer matrix in which it is embedded. Therefore, the 
TiO
2
 pigment industry takes some efforts to diminish the photoactivity of TiO
2
. On the other 
hand, this property is utilized purposefully in TiO
2
 photocatalysts [2].
From experience, anatase pigments are generally much less photo- and weather-resistant 
than rutile pigments [2]. Since a durable pigment is in demand, a heavy dense silica treat-
ment is used. In addition, alumina has been chosen as the final layer over the silica treatment. 
Examples of surface treatment for weather resistant grades are presented in Figures 17 and 18. 
Figure 17 presents the dense silica-alumina coating while Figure 18 presents the dense silica-
zirconia-alumina coating, covering the entire surface of TiO
2
 particles.
Due to the fact that anatase is more photocatalytically active in the crystalline form than rutile, we 
selected material with the highest level of rutile crystalline structure as a base material. The level 
of rutile crystalline structure was determined before surface treatment using XRD (see Table 1).
Weather resistant grades can be produced by various surface treatments. We decided on two 
different versions, depending on the final applications. The structure of the coatings is presented 
in Table 2.
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2.3. TiO
2
 for applications in printing inks
2.3.1. Gloss effect
Gloss is a visual impression gained when light is reflected at a surface in a preferential direc-
tion. The gloss of a coating system is determined by a number of factors. Pigments can influ-
ence the gloss of a coating through their concentration, particle size distribution and degree 
of dispersion in the binder system [34].
A conventional, high quality TiO
2
 pigment has a mean particle diameter (weight average) of 
approximately 0.3 μm. The particle size distribution should not exceed the 1 μm limit in order 
to be useful for high gloss coatings [2].
Only those pigment particles lying directly below the surface of the coating are involved in this 
process. The higher the concentration of pigment, the greater the number of gloss-reducing 
particles and lower the gloss [34].
Figure 18. Special Al-Si-Zr surface treatment.
Sample R [%]
TiO
2
─Al─Si 99.7
TiO
2
─Al─Si─Zr 99.8
Table 1. Level of rutile crystalline structure in TiO
2
.
Sample SiO
2
 [%] A
l2
O
3
 [%] ZrO
2
 [%]
TiO
2
─Al─Si 3.6 3.1 —
TiO
2
─Al─Si─Zr 3.4 2.1 0.39
Table 2. Metal oxides determination.
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2.3.2. Rheology
An ink with required rheological properties can be successfully applied to the image on a 
plate, transferred correctly to the stock and finally, retain its form as a print. Each printing 
technique has specific requirements. For opacity, it is important to select pigment and pig-
ment volume concentrations that play a role on opacity, gloss and whiteness, but also on the 
rheology of the ink. Different pigment grades have different medium absorption. As a conse-
quence, the rheology of the ink at the time of application will be affected. Many ingredients, 
apart from TiO
2
 pigments, will affect the final rheology of the ink. It is important to note that 
formulation of inks calls for much practical experience and skill.
It is vital to incorporate TiO
2
 pigment into the printing ink medium in a way that maximum 
dispersion is achieved. In the case of a poor dispersion stability even viscosity could be affected.
2.3.3. Solubility parameters and dispersion
From the economical point of view, the best dispersion state of TiO
2
 should be obtained in the 
shortest time and with minimum expenditure of energy.
Inorganic and organic surface treatments of TiO
2
 could be optimized in order to maximize pigment 
affinity with both binder and solvents. This results in pigments with better dispersion and stabiliza-
tion in a wide range of printing ink formulations, i.e., improved opacity, gloss and color [35].
The end-user of printing inks has the skill to select a range product (TiO
2
 grade); the best 
suited grade for a particular purpose.
Optical properties of the pigment are defined by the particle size distribution, while the appli-
cative properties are determined by the surface treatment. By implementation of more inten-
sive milling, we prepared a slurry of more dispersed TiO
2
 particles. The prepared TiO
2
 slurry 
has been used for further surface treatment. Our goal was to keep the particles separated from 
each other through the whole process.
The influence of milling and coating process on optical properties are presented in Table 3. 
In order to improve the applicable properties, it is important to coat TiO
2
 particles under 
Figure 19. Alumina surface-treated TiO
2
 intended for printing inks applications.
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controlled conditions (T, pH, precursor dosing rate). Under such conditions, the alumina 
surface-treated particles are separated from each other; coating is uniform and dense, cover-
ing the entire surface of the particle (Figure 19). Such particles exhibit excellent optical prop-
erties, as demonstrated in Table 3. In the case where the process of surface treatment started 
from suspension with more dispersed or deagglomerated particles (intense milling), higher 
gloss was obtained for the system with incorporated TiO
2
.
2.3.4. Optical density
A layer of alumina oxide layer can increase the amount of ─OH groups on the particle surface, 
which can improve the dispersibility of the particles and provide more active sites for further 
organic modification; this was evidenced from the results obtained by OD method. TiO
2
 particles 
surface-treated under controlled conditions exhibit significantly higher light scattering efficiency 
due to complete aluminum layer coating the entire TiO
2
 surface. Lower LSE was determined for 
TiO
2
 particles with incomplete coatings, produced under uncontrolled conditions (Figure 20).
Printing ink with incorporated TiO
2
 particles with incomplete coatings was highly viscous. 
For printing inks production approximately 10% more solvent was needed. Since the viscosity 
Sample Gloss Scattering
Poorly milled material 24.4 97.4
More intense milling 40.5 104.1
Table 3. Influence of milling and coating process on optical properties.
Figure 20. Light scattering efficiency (LSE) for pigmentary TiO
2
 with complete and incomplete coatings.
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of the dispersion and the type of optical properties (especially the undertone and gloss) are 
strongly dependent on the degree of particulate dispersion, we can conclude that in controlled 
surface treatment, we obtained more dispersed particles.
2.4. TiO
2
 applications in paper laminates
As already mentioned before, TiO
2
 is a semi-conducting material and show some intrinsic 
photocatalytic activity. During weathering, interaction of UV light with TiO
2
 occurs resulting 
in the formation of free electrons and electron-holes in the crystal lattice. These radicals react 
easily with neighboring organic molecules and, result in degradation of the medium [36–38].
The interaction of UV light with TiO
2
 particles results in the formation of Ti3+ centers that are 
violet-colored species. For that reason, discoloration (greying) of the exposed area might be 
observed. This is usually described in terms of the lightfastness [37].
Generally, commercial TiO
2
 grades are surface-treated with hydrated compounds of alumi-
num, silicon and zirconium [39–42]. Silica contributes to durability, while zirconia improves 
gloss and durability. Alumina is usually used as a final layer to increase dispersion stability. 
Sometimes, special surface treatment, for example, with aluminum phosphate is required to 
provide high lightfastness in applications such as decorative papers [43]. Scanning transmis-
sion electron microscopy (STEM) image of TiO
2
, surface treated with aluminum phosphate is 
presented in Figure 21.
2.4.1. Lightfastness
The lightfast properties of printing inks can be defined as the amount of resistance to fade or 
color change of a printed surface when exposed to daylight (or an artificial light source) over 
a set period of time.
For determination of lightfastness of prints, Blue Wool Scale is utilized. According to this 
method, samples are exposed to a standard xenon light in appropriate equipment.
Figure 21. STEM image of TiO
2
 with aluminum phosphate coating.
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The lightfastness is indicated by the grades on the Blue Wool Scale: BWS 1 = poor, BWS 2 = low, 
BWS 3 = average, BWS 4 = rather good, BWS 5 = good, BWS 6 = very good, BWS 7 = extremely 
good, BWS 8 = excellent.
TiO
2
 with aluminum phosphate coating successfully underwent testing by the end-user with 
grades 4/5 on the Gray Scale (grades 1–5) and with grade > 6 on the Blue Wool Scale; we met 
the requirements of the user.
2.4.2. Electrochemical properties determination
IEP of pure TiO
2
 particles is about pH 4. Modifying the pigment surface with inorganic layers 
of, for example, Al
2
O
3
, SiO
2
, ZrO
2
, phosphates changes the IEPs [2]. Whereas, for example, 
Al
2
O
3
 (IEP = 9) and Al(OH)
3
 species (IEP is about 6.8) shifts the IEP to higher pH values, 
other substances normally tend to reduce the IEP to lower pH values (IEP of SiO
2
 = 2, IEP of 
ZrO
2
 = 4). Phosphates, used for surface treatment form acidic groups on the surface of par-
ticles, which are acidic and becomes a potential determinant [2, 14].
In Figure 22, the zeta potential as a function of pH for untreated and surface-treated TiO
2
 pig-
ments are presented. IEP of pure TiO
2
 particles is about 4 and according to literature [2], IEP 
of aluminum surface-treated TiO
2
 is 8.65, which is close to the values determined for Al
2
O
3
. 
IEP of Si surface-treated TiO
2
 shifted to pH 2.5, close to IEP characteristic for SiO
2
. Complete 
alumina layers contributed to shift IEP to higher pH values (pH 8.6), which proves a success-
ful surface treatment, since the IEP value of surface-treated samples lies close to the IEP value 
characteristic for alumina. The results are in agreement with literature. Multi-layered surface 
treatments, alumina in combination with silica and phosphate, shifted IEP to lower pH. IEP 
values for all samples are presented in Table 4. The uniformity and the properties of hydroxide 
coatings influenced the surface properties of the pigment particles because the coated particles 
show similar surface characteristic, such as surface charge and surface active sites or groups, 
as the coating material.
Figure 22. Zeta potential as a function of pH.
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3. Conclusions
Surface treatment of TiO
2
 particles is one of the most important steps in the production 
of TiO
2
 pigment. It is a delicate and complex process. Process parameters such as pH and 
temperature have to be carefully controlled, as this is essential to ensure the formation 
of uniform oxide coatings and achieving the desired useful features. Surface-treated TiO
2
 
particles were prepared starting from various precursors by the chemical liquid deposi-
tion method. Uniform hydroxide layers formed on the surfaces of the TiO
2
 particles under 
mild hydrolysis rate of, for example, sodium aluminate, aluminum sulfate or sodium sili-
cate in gel precipitation and aging. The morphology of the layers was significantly affected 
by the temperature and pH value of the reaction solution. Formation of thin and uniform 
hydroxide layers influenced optical and electrochemical properties. Surface-treated parti-
cles altered their electrokinetic behavior in a way similar to the coating material, suggesting 
formation of a complete hydroxide layer on the TiO
2
 surface. We can conclude that inap-
propriate pH conditions can lead to undesirable phases of hydroxides or to an incomplete 
layer. By applying a dense silica layer of colorless alumina phosphate, photoactivity of TiO
2
 
pigments was successfully suppressed.
Author details
Nika Veronovski
Address all correspondence to: nika.veronovski@cinkarna.si
Cinkarna-Metallurgical and Chemical Industry Celje, Inc, Celje, Slovenia
References
[1] Tyler F. Tailoring TiO
2
 treatment chemistry to achieve desired performance properties. 
Paint & Layers Industry. 2000;32:16-32
Sample IEP
TiO
2
4.1
TiO
2
─Si 2.5
TiO
2
─Al 8.65
TiO
2
─Si─Al 7.3
TiO
2
─Al─P 6.3
Table 4. IEPs for untreated and surface-treated TiO
2
 particles.
Titanium Dioxide - Material for a Sustainable Environment440
[2] Winkler J. Titanium Dioxide. Vincentz: Hannover; 2003
[3] In: Buxbaum G, Pfaff G, editors. Industrial Inorganic Pigments. 3rd ed. Weinheim: 
Wiley-VCH; 2005
[4] Liu Y, Ge C, Ren M, Yin H, Wang A, Zhang D, Liu C, Chen J, Feng H, Yao H, Jiang T, editors. 
Effects of coating parameters on the morphology of SiO
2
-coated TiO
2
 and the pigmentary 
properties. Applied Surface Science. 2008;254:2809-2819
[5] Liu Y, Zhang Y, Ge C, Yin H, Wang A, Ren M, Feng H, Chen J, Jiang T, Yu L. Evolution 
mechanism of alumina coating layer on rutile TiO
2
 powders and the pigmentary proper-
ties. Applied Surface Science. 2009;255:7427-7433
[6] Zhang Y, Liu Y, Ge C, Yin H, Ren M, Wang A, Jiang T, Yu L. Evolution mechanism of alu-
mina nanofilms on rutile TiO
2
 starting from sodium metaaluminate and the pigmentary 
properties. Powder Technology. 2009;192:171-177
[7] Zhang Y, Yin H, Wang A, Ren M, Gu Z, Liu Y, Shen Y, Yu L, Jiang T. Deposition and 
characterization of binary Al
2
O
3
/SiO
2
 coating layers on the surfaces of rutile TiO
2
 and the 
pigmentary properties. Applied Surface Science. 2010;257:1351-1360
[8] Zhang Y, Yin H, Wang A, Liu C, Yu L, Jiang T, Hang Y. Evolution of zirconia coating layer 
on rutile TiO
2
 surface and the pigmentary property. Journal of Physics and Chemistry of 
Solids. 2010;71:1458-1466
[9] Wu HX, Wang TJ, Duan JL, Jin Y. Effects of SO42− on the heterogeneous precipitation coating of hydrous alumina on TiO
2
 particles in an aqueous process. Industrial and Engineering 
Chemistry Research. 2007;46:3590-3594
[10] Wu HX, Wang TJ, Jin Y. Morphology “phase diagram” of the hydrous alumina coating 
on TiO
2
 particles during aqueous precipitation. Industrial and Engineering Chemistry 
Research. 2006;45:5274-5278
[11] Wu HX, Wang TJ, Jin Y. Film-coating process of hydrated alumina on TiO
2
 particles, 
Industrial and Engineering Chemistry Research. 2006;45:1337-1342
[12] Veronovski N, Lešnik M, Verhovšek D. Surface treatment optimization of pigmentary 
TiO
2
 from an industrial aspect. JCT Research. 2014;11:255-264
[13] Veronovski N, Lesnik M, Verhovšek D. Alumina surface treated pigmentary titanium 
dioxide with suppressed photoactivity. LifeScience Global. 2014;1:51-58
[14] Veronovski N. Alumina surface treated TiO
2
—From process to application. Journal of 
Surface Science and Technology. 2015;2-1:6-12
[15] Jeer RK. DuPont. US 2885366; 1956
[16] Evans AW, Shon C. Tioxide Group Ltd. GB 1008652; 1961
[17] Rechmann H, Vial F, Weber H. Kronos Titangesellschaft Mbh. DE 1208438; 1960
[18] Moody JR, Lederer G. British Titanium Products. DE 146712; 1965
TiO2 Applications as a Function of Controlled Surface Treatment
http://dx.doi.org/10.5772/intechopen.72945
441
[19] Brugger K, Jehle N. In: Congress FATIPEC XII (EREC); Paris. 1976. p. 15
[20] Volz HG, Kampf G, Fitzky HG, Klaeren A. The chemical nature of chalking in the 
presence of titanium dioxide pigments. Photodegradation and Photostabilization of 
Coatings. In: ACS Symposium Series. 151; 1981 p. 163
[21] Volz HG, Kampf G, Fitzky HG. Surface reactions on titanium dioxide pigments in paint 
films during weathering. In: Progress in Organic Coatings. 1974;2-3:223-235
[22] Powell QH, Fotou GP, Kodas TT, Anderson B. Coating of TiO
2
 with metal oxides by gas-
phase reactions. Journal of Aerosol Science. 1995;26:557-558
[23] Atou Y, Suzuki H, Kimura Y, Sato T, Tanigaki T, Saito Y, Kaito C. Novel method for the 
preparation of silicon oxide layer on TiO
2
 particle and dynamic behavior of silicon oxide 
layer on TiO
2
 particle. Physica E. 2003;16:179-189
[24] Lin YL, Wang TJ, Jin Y. Surface characteristics of hydrous silica coated TiO
2
 particles. 
Powder Technology. 2002;123:194-198
[25] Yin H, Wada Y, Kitamura T, Kambe S, Murasawa S, Mori H, Sakata T, Yanagida S. Journal 
of Materials Chemistry. 2001;11:1694-1703
[26] He YX. Ceramic composites through solution precipitation coating [thesis]. Berkeley, 
CA: University of California; 1998
[27] Lu XQ, Chen ZL, Yang XH. Spectroscopic study of aluminum speciation in removing 
humic substances by Al coagulation. Water Research. 1999;33:3271
[28] Bi SP, Wang CY, Cao Q, Zhang CH. Studies on the mechanism of hydrolysis and polym-
erization of aluminum salts in aqueous solution: Correlations between the “core-links” 
model and “cage-like” keggin-Al
13
 model. Coordination Chemistry Reviews. 2004;248:441
[29] Tomba’cz E, Libor Z, Ille’s E, Majzik A, Klumpp E. The role of reactive surface sites and 
complexation by humic acids in the interaction of clay mineral and iron oxide particles. 
Organic Geochemistry. 2004;35:257
[30] Shen Z, Zhao ZG, Wang GT. Colloid and Surface Chemistry. Beijing, China: Chemistry 
Industry Press; 2004
[31] Shedding light on white. European Coatings Journal. Vincentz Network 06/200
[32] US Patent 6,040,913, March 21; 2000
[33] US Patent 6,236,460, May 22; 2001
[34] Brock T, Groteklaesm, Mischke P. European Coating Handbook. 2nd revised ed. Hannover, 
Germany: Vincentz Network; p. 120
[35] Efficient use of TiO
2
 in white printing inks. Tioxide Group. Available from: http://www.
tio2.net [Accessed: 2017-11-02]
[36] Diebold MP. The causes and prevention of titanium dioxide induced photo-degradation 
of paints. Part I: Theoretical considerations and durability. Surface Coatings International. 
1995;6:250-256
Titanium Dioxide - Material for a Sustainable Environment442
[37] Woditsch P, Westerhaus A. Industrial Inorganic Pigments. 3rd ed. New York: VCH 
Weinheim; 1993
[38] Li X, Cubbage JW, Tetzlaff TA, Jenks WS. Photocatalytic degradation of 4-chlorophenol. 
1. The hydroquinone pathway. The Journal of Organic Chemistry. 1999;64:8509-8524
[39] Decolibus RL. TiO
2
 pigment coated with porous alumina/silica and dense silica. US Patent 
No. 3928057 assigned to Wilmington, DE: E.I. Du Pont de Nemours & Company; 1975
[40] Thomas DC. Process of treating titanium dioxide pigments. US Patent No. 3876442 
assigned to Oklahoma City, OK: Kerr-McGee Chemical Co.; 1975
[41] Jacobson HW. Alumina coated TiO
2
. US Patent No. 4416699; 1983
[42] Tuomo L. Process of coating titanium dioxide pigments. US Patent No. 5165995 assigned 
to Helsinki, FI: KemiraOy; 1992
[43] George J, Gireesh VS, Ninan G, Krishnan Nair S. Modification of TiO
2
 surface for 
improved light fastness. International Journal of Industrial Chemistry. 2015;6-3:133-141
TiO2 Applications as a Function of Controlled Surface Treatment
http://dx.doi.org/10.5772/intechopen.72945
443

